We calculate the scalar power spectrum generated by sourced fluctuations due to coupling between the scalar field, which holds most of the energy density of the universe, and a gauge field for a general FLRW metric. For this purpose we calculate the curvature perturbation to second order in the presence of gauge fields, and show that the gauge fields behave like an additional potential term. We then apply the analysis to the case of slow-contraction. Due to the interaction between the scalar field and gauge fields additional 'sourced' tensor and scalar spectra are generated. The resulting spectra are chiral, slightly blue and arbitrarily close to scale invariance. The only difference between the tensor and scalar spectra is the coupling constant with an O(1) numerical coefficient, and some momentum space polarization vectors. As a result the tilt of the spectra are the same. For the nearly scale invariant case, the momentum integration gives the same leading contribution. Hence, r ≃ 1 where the deviation from unity is controlled by the deviation from scale invariance, and is not in agreement with observations.
Introduction
Current CMB observations of large scales in the Universe have measured a slightly red tilted spectrum of scalar fluctuations and have placed an upper bound on the tensor to scalar ratio of r ≤ 0.06 for the ΛCDM concordance model [1] . The inflationary paradigm generically predicts a nearly scale invariant spectra, where the value of r is a model dependent statement. Therefore, as a paradigm, Inflation provides an excellent match to the observed CMB data. For generic slow-roll models, r is tied to the energy scale of inflation, giving us an invaluable handle on Physics near the GUT scale. The progressing bounds on r over the past twenty years have ruled out simple models, including a linear potential [1] . In addition to the continuing but slow shrinkage in model space, Inflation does not resolve the Big Bang singularity [2] . It is therefore useful to consider alternatives that resolve the Big Bang singularity such as bouncing models.
The recent observation of gravitational waves (GW) with LIGO [3, 4] opens up a new possibility of measuring primordial GW. Such laser interferometers probe much smaller scales than CMB observations. However, both LIGO and LISA sensitivity bands are order of magnitudes weaker than CMB sensitivity. The inflationary slow-roll prediction, of slightly red tensor spectrum, means that the Laser Interferometer (LI) observations will come out empty handed if they ever surmount the experimental difficulties of cleaning the noise from the signal. Thus, if Inflation is the actual paradigm realized in Nature, and LI measure a primordial GW signal, it can only be due to some New Physics beyond ΛCDM and Inflation. For instance, on the potential of LISA discoveries, see a recent review [5] .
A celebrated example that deviates from the standard slow-roll predictions on various scales and observables are models with sourced fluctuations, along the lines of [6] [7] [8] [9] [10] [11] [12] . In these models, the coupling between the inflaton and a gauge field generates sourced fluctuations that account for rich phenomena. For example, the sourced fluctuations generate additional spectra on top of the adiabatic one and disentangle the link between the energy scale of inflation and r.
Nevertheless, the potential discovery of LI points again at considering alternatives for Inflation, and not just modifying the inflaton or matter lagrangian.
With these motivations in mind, we consider bouncing models that provide a different approach. There is no Big Bang singularity, and in return, one usually invokes a temporary null energy condition violation. The outcomes are rather delicate models, prone to various instabilities [13] [14] [15] [16] [17] [18] [19] . Two characteristic scenarios are slow contraction like the Pre Big Bang [20] or ekpyrotic model [16] , and a matter bounce, where the contracting phase is dominated by matter. In the ekpyrotic case, the Universe starts with a slow contraction, followed by kinetic dominated contraction, a bounce, kinetic dominated expansion and the reheating to the Hot Big Bang scenario [16] . The main motivation for considering slow contraction, rather than a matter bounce, is due to the anisotropic instability [13] . Excluding the matter bounce, single field bouncing models predict a blue scalar and tensor spectra. To conform with CMB observations of a slightly red tilted scalar spectrum, an entropic/curvaton mechanism is invoked, usually by introducing an additional scalar field. The tensor spectrum is left unchanged [21, 22] , i.e. a very blue spectrum, with n T ∼ 2 − 3. Hence, LI observations of the next twenty years might observe such a signal [20, [23] [24] [25] [26] [27] [28] [29] [30] , while the signal is orders of magnitude below any devised CMB experiment.
We are interested in considering the fruitful sourced fluctuations idea with the contracting background. Deviating from the scalar field(s) framework of bouncing models, and considering sourced fluctuations, the above stated predictions change considerably [31] [32] [33] [34] [35] . In [35] it was demonstrated for the first time that even in a bouncing model, a nearly scale invariant tensor spectrum can be generated due to sourced fluctuations. The tensor spectrum is slightly blue 0 < n T ≤ 0.3, and chiral. These features make such a spectrum rather unique, and in principle an easy target for detection. The bounds on n T come from backreaction constraints. Such a sourced spectrum could be observed by CMB observations and by LI observations if n T ∼ 0.3 [36] .
However, [35] assumed that the scalar spectrum is somehow being generated in the right amount, such that it fits CMB observations. As such, [35] was a proof of concept, rather than a competitive model. 1 In this work, we close the gap by calculating the scalar spectrum generated by sourced fluctuations in the model discussed by [35] and hence the value of r.
Calculation of the scalar spectrum in bouncing models has been plagued by gauge artifacts [38] . To avoid that, we carried out a full second order derivation of the metric and field equations, as means of extracting the correct source term. We generalize previous derivations to any flat FLRW geometry, multiple scalar fields and in the presence of gauge fields. We show that the gauge fields appear at the second order equations in a manner similar to a potential term. This should be true in general for any field that gives a negligible contribution to the background and appears quadratically or with higher power in the action. As a result, the sole difference between the tensor and scalar fluctuations is an O(1) factor in the coupling constants and some phase space factors. At the limit of scale invariance, we find that r ∼ 1, that is ruled out by observations. The simplest model of inflation with sourced fluctuations [6] has also been ruled out by non-gaussianity bounds. Therefore, it seems that while sourced fluctuations 1 An attempt calculating the scalar and tensor spectrum for a related model γ = 0 has been carried out in [37] yielding r ≃ 7. Our calculation disagrees with their results. We will show that the model yields r ∼ 1, as with the γ = 0 case. are a good alternative for generating primordial spectra, an actual viable realization, whether inflation or a bounce, is rather non-trivial.
The paper is organized as follows. We begin by describing the setup of the model, and mention some previous results, such as the solutions for the gauge fields and the backreaction bounds. In section 3 we give the major steps leading to the equation for the gauge invariant curvature perturbation. The full derivation will be given in the appendix. In section 4 we perform the calculation of the spectra and tensor to scalar ratio. We then conclude.
Setup and Previous Analysis
The scenario we are interested in is a scalar field ϕ coupled to some U(1) gauge field, A µ with the action: as I(τ ) ∼ ϕ n , would add logarithmic corrections to the behavior discussed below, but the qualitative behavior will remain unchanged.
Background Solution
Writing the flat FLRW metric in cosmic (t) and conformal time (τ ):
a dot denotes differentiation with respect to cosmic time and prime denotes a differentiation in conformal time. In the absence of gauge fields, an exact scaling solution of the equations of motion is given by:
3)
ϕ 1 is written in Planck units and p > 0 is dimensionless. Power law inflation corresponds to p ≫ 1, U 1 < 0, the matter bounce to p = 2/3, U 1 > 0, and p ≪ 1, U 1 > 0 to ekpyrosis. The generalization to several fields is:
(2.6)
We will use conformal time,
We normalize the scale factor so that it is unity at the end of ekpyrosis, a (τ ) = (−τ /τ end ) b , and b ≡ p/ (1 − p) . In ekpyrosis, p ≪ 1, so b ≃ p.
Scalar and Tensor Perturbations
DenotingX =ζ,ĥ as the curvature and tensor perturbation respectively, and definingQ k = aX, the equation of motion for the perturbation is:
where J λ is a source term due to the presence and interaction of gauge fields. In the case of vacuum fluctuations J ≡ 0. f = a(τ ) for the tensor perturbation and f = − Ḣ ϕ a(τ ) for the curvature perturbation. In our specific model −H/φ = p/2, hence f ′′ /f = a ′′ /a in both cases. Decomposing into vacuum and sourced fluctuations:
The power spectrum is related to the correlator via
whereX k denotes the curvature (scalar) and tensor perturbations. The power spectrum for scalar perturbationζ is
where n S ≃ 0.97 is known as the spectral tilt, the amplitude is measured to be A S ≃ 2.1 × 10 −9 [1] . For gravitational waves,ĥ
and r ≡ A T /A S with current constraints r < 0.06 [1] . In ekpyrosis, with p ≪ 1 the spectra are very blue P ∼ k 2 giving negligible contribution on CMB scales. Hence, bouncing models need an additional source to generate the measured scalar spectrum. The inclusion of gauge fields provides a natural candidate for such a source. The tensor spectrum due to sourced fluctuations from (2.1) was calculated in [35] , allowing 0 < n T 0.3 in accord with current data:
with n T = 4(2 + n) for n < −1/2 and n T = 4(1 − n) for n > −1/2, and H end is the Hubble parameter at the end of the slow contraction. Note that n = −2, 1 imply a scale invariant spectrum, and the deviation from these values control the deviation from a scale invariant spectrum. We will calculate the scalar spectrum resulting from the action with gauge fields, and the resulting r can be compared to observations.
Inclusion of Gauge Fields
In order to deal with the source term that will appear in the equation of motion, we redefine the gauge field,Ã = IA. In the Coulomb gauge, A 0 = ∂ i A i = 0, for the canonically normalized field, the lagrangian is [10] :
Note that this term is invariant under
and we define ξ > 1 , also invariant under these transformation, as follows:
ξ parametrizes the enhancement of the gauge field fluctuations and hence the scalar and tensor sourced fluctuations spectra. The gauge field operator is decomposed according to:
with the standard commutation relations:
and are normalized according to ǫ λ k * · ǫ λ ′ k = δ λλ ′ . The annihilation and creation operators of the gauge field commute with the operators of the tensor and scalar fluctuations:
which is the reason why there are no cross terms in (2.12). The mode functionsÃ λ are the solution of:Ã
With the boundary conditions of Bunch-Davies vacuum as τ → −∞ the solutions are Coulomb wave functions:Ã
For our purposes, the important region is outside the horizon as −kτ ≪ 1/ξ ≪ 1 and for λ = + that is enhanced by a factor of e πξ :
and will be used in section 4 to express the source term in the equation of motion, and obtain the curvature perturbation.
Considering the additional gauge fields, one needs to verify that they do not dominate over the scalar field in charge of the slow contraction. The analysis was carried out in [35] . It limits the parameter n to be between −2 < n < 1, otherwise the energy density of the gauge fields diverge and the slow contraction analysis is not valid. Furthermore it constrains the Hubble parameter H during the slow contraction to be:
where D 2 (n) refers to −1/2 > n > −2 and D 1 (n) is obtained by the substitution of n → −1 − n and is relevant for 1 > n > −1/2. The result obtained in [35] of 0 < n T 0.3 is in accordance with this backreaction bound.
Second Order Klein-Gordon Equation
Let us derive the second order differential equation for the curvature perturbation. In this section we report mostly the single field result as we shall only consider a single field in our analysis. Nevertheless, we provide the full derivation of the multi-field case in the appendix.
The derivation is valid for any FLRW metric, without any fast-roll or slow-roll approximations.
Working in the flat gauge, we closely follow the derivation by Malik in [39] , with the addition of gauge fields at second order. We use natural units where 8πG = M −2 pl = 1. The action becomes
The Klein-Gordon (KG) equation is given by:
As one can see, the gauge field does not contribute anything to the background, and the first order contribution δA µ appears only quadratically, so it is a second order contribution.
Hence, in deriving the KG equation in closed form, there will be no changes in the zeroth and first order equations. For bookkeeping the gauge field term behaves as a second order potential term, and therefore will only change the diagonal terms of the EFE at second order.
where U 0 ≡ U(ϕ 0 ) and U ϕ = ∂U ∂ϕ , U ϕϕ = ∂ 2 U ∂ϕ 2 etc. We would like to express the evolution equation of the fluctuations using just the scalar field fluctuations δϕ and gauge field fluctuations δA µ . Then using the gauge invariant quantity for
δϕ, we will calculate the scalar power spectrum of the sourced fluctuations.
Zeroth and First Order
The Klein-Gordon equation at zeroth order is:
Using the EFE, we get an equation for the first order field fluctuation which has no metric fluctuations in it, but just field fluctuations and background quantities:
These first order fluctuations generate the well known vacuum fluctuations of a slowly contracting Universe with a blue spectrum P S ∼ k 2 . As an indication that our analysis is correct, we find that the entire term in the curled brackets vanishes. This confirms the known result that in a slowly contracting Universe, one cannot neglect the metric perturbations as they exactly cancel the contribution from the potential, and the behavior of the curvature perturbation, ζ is that of a massless free field [38] . The gauge fields from (3.1) will appear at 2nd order in the KG equation as a source term, hence their name 'sourced fluctuations'.
Second Order
The 2nd order KG equation in the flat gauge for the multi-field case in the presence of gauge fields is given by:
where C (δϕ ′ 1K , δϕ 1K ) contains gradients and inverse gradients quadratic in the field fluctuations and is defined in the appendix and X I = a 2 1 H U 0 ϕ ′ 0I + U ϕ I . This above equation for multiple scalar fields contains only terms of the field fluctuations δϕ 2I and δϕ 2 1I . The detailed derivation appears in the appendix.
The result (3.4),(3.5),(3.6) do not assume any slow/fast-roll approximation, and they are general for any source term that appears at second order in the fluctuations. For example coupling fermions in a Yukawa type interaction yϕ IΨ Ψ will also behave similarly, with contributions behaving as δU 2 . The reason is obvious. As long as these additional fields are a negligible amount of the energy density, their sole appearance is in quadratic form. (Otherwise they break Lorentz symmetry.) Thus, these fluctuations are inherently second order and appear as a potential term.Ṽ
After this general result, we will simplify our analysis considerably. Our goal is to calculate the scalar spectrum due to sourced fluctuations in a slowly-contracting model of (2.1). For this purpose, it is sufficient to use a single scalar field. Furthermore, considering the specific potential U = −U 1 e − √ 2/pϕ causes many potential terms such as X I = a 2 1
to vanish. These simplifications lead to:
Note that as in the first order calculation, the potential terms exactly cancel the metric fluctuations. The contribution at second order will only come from first order squared terms such as δϕ 2 1 and the gauge field source term. Using
we see that
This will be useful since we will absorb a 2 I 2 into the definitions of the gauge field and get the known Coulomb wave function solutions. Before carrying out the sourced spectrum calculation, we should address the δϕ 2 1 terms appearing in (3.8) . These terms appear also in the absence of the gauge field.
In a bouncing model, we have a fast-roll rather than slow-roll. Hence, terms with ϕ ′ 0 /H = 2/p ≫ 1 dominate, contrary to inflation where they are slow-roll suppressed. Considering the dominant terms in ϕ ′ 0 /H we expect the last term in the second line and the last term in the third line to be the most dominant. Since δϕ 1 δϕ 1 ∼ P v S ∼ k 2 we expect these terms to give again a very blue spectrum that is completely irrelevant for large scales. After neglecting these δϕ 2 1 contributions, we are left with a simple second order differential equation with a source:
Calculation of the Spectrum
The curvature perturbation is ζ = − Ḣ ϕ 0 δϕ 2 /M pl = p 2 δϕ 2 /M pl . Performing the transformation of variables to Q = aδϕ 2 we arrive at the following equation:
and in Fourier space:
where we denoted −2n √ 2p 1−p + 2 p = C, and used I(ϕ 0 ) = (−τ ) −n . Notice that this factor C, that can be traced back to the expression of I(τ ) as a function of ϕ, is the only place that breaks the duality of n → −1 − n, ξ → ξ. Unlike the tensor spectrum where the duality is exact, here it is broken. But because − Ḣ ϕ 0 C = (1 − 2np 1−p ) and p ≪ 1 the effect on r is negligible. The LHS is the same equation as the tensor perturbation, and therefore the vacuum solution and the retarded Green's function of (4.2) are identical to [35] up to the − Ḣ ϕ 0 normalization:
In many bouncing models, the slow-contraction is followed by kinetic domination, with b = 1/2. At this phase the Green's function vanishes outside the horizon and the production mechanism of sourced fluctuations is shut down. As we have seen in (2.24), the gauge field fluctuations get amplified at horizon crossing −kτ = 1, and we are interested in their amplitude during freeze-out, after horizon exit. Already from dimensional grounds E ∼ A/τ while B ∼ kA, hence the B/E ∼ −kτ ≪ 1. Therefore the leading behavior of the source term will come from the E 2 term:
Thus from equation (4.2) the curvature perturbation is given by:
Now that the curvature perturbation is found, we can calculate the power spectrum. To simplify this, we note that there is a one to one correspondence with the tensor case discussed in [35] . The tensor source term is:
where we correct a factor of 1/2 compared to (7.8) of [35] . Thus, we see that the only difference between the scalar (4.8) and tensor source (4.10) is the relevant projection tensor and the factor C in (4.8).
Thus, both scalar and tensor spectra and their ratio can be written schematically in the following way forX =ζ,ĥ :
where α = (−1) m (2n + 1), where m = 2 is used in the n < −1/2, and m = 1 in the n > −1/2 case. The numerical factor for the m = 2, n <
, and a similar one is obtained by n → −1 − n for the m = 1, n > −1/2 case. For the scalar,
N T , and f T , f S are the momentum integrals for the tensor and scalar terms respectively. The time dependence integral I m is identical to the tensor one.
where k end = H end /b. The first term dominates for −1 < n < −1/2 and the second term for −2 < n < −1 for b = p/(1 − p) ≪ 1 2 . Hence the only difference can come from the phase space integration. The tilt of both spectra will be the same. We are thus led to consider only cases where n → −2 or equivalently n → 1, since such n will give us a scale invariant or nearly scale invariant spectrum. Notice that the tilt is still slightly blue, but we assume this can be overcome easily by making the argument in the exponent of the potential U = −U 1 e − √ 2/pϕ a slowly varying function of ϕ [16] .
The momentum integrals are
where ǫ is the polarization vector, such that [6, 7, 35] :
The momentum integral can be dealt with using standard dimensional regularization techniques, and does not require a numerical approximation, contrary to previous works.
A cumbersome but straightforward calculation yields where ψ (0) is the PolyGamma function. Note that the leading contribution for the phase space integration is identical, f T /f S = 1 + O(n + 2).
Finally, at the limit of n → −2 we arrive at:
So for p ≪ 1, we get r ≃ 1, e.g. for p ∼ 1/50, we get r ∼ 0.85 which is ruled out by observations. 3 The rationale behind the ekpyrotic scenario suggests a phase of stiff matter w ≫ 1 to avoid the anisotropy instability. Recall that p = 2 3(1+w) . If we wish to saturate the bound, w = 1 corresponds to p = 1/3, which implies r = 0.11 still ruled out by observations. Finally, r ≤ 0.06 requires p ≥ 0.44 close to radiation domination of p = 1/2. Hence, an observable GW signal on CMB scales brings back the anisotropy instability which the slow contraction tries to avoid in the first place.
Discussion
In this note, we further explored the idea that sourced fluctuations can generate viable CMB spectra, and specifically sizable r in contracting scenarios. For that purpose, we have generalized the second order KG equation to include source terms for any type of cosmology without using slow-roll/fast-roll approximation. If the source term is of second order, it simply modifies the KG equation additively as an additional potential term. Finally, we used an exact solution of the EFE with U = −U 1 e √ 2/pϕ . In such a case the tensor and scalar calculation are almost the same, the sole difference appearing in phase space factors of the momentum integral, and some O(1) coefficient. Specifically the spectral tilt is exactly the same, and the amplitude differs by this O(1) coefficient. As a result, r ∼ 1 contrary to current bounds.
Unlike previous works by various authors, it turns out the momentum integral can be carried out exactly using dimensional regularization, which is certainly an interesting technical development. Actually, one may consider using a similar technique to calculate the time integral. If so, it would yield qualitatively different results, as it will remove the power law divergence. However, for the time integral, there is a physical cut-off which is the end of the slow-contraction at τ end , after which kinetic domination starts and the Green's function vanishing outside the horizon, shutting down the sourced fluctuations production mechanism [35] . Hence, this technique is not suitable for the time integral I m that cuts off physically at τ = τ end . The sourced fluctuations bouncing scenario does give a nearly scale invariant, blue, chiral spectrum of gravitational waves, making them a potential target for both CMB and LI 3 The model discussed in [37] corresponds in our analysis to n = 2, γ = 0. In such case f T /f S = 7/6 and r ∼ 1 for p << 1 and the tilt is very red with n S = n T = 4(1 − n) = −4.
experiments. It fails on the quantitative level. It will be interesting to understand whether the mechanism can be incorporated in some other fashion yielding some interesting phenomenology that is valid quantitatively.
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Appendix: Derivation of the Curvature Perturbation Equation
.
Here we provide the detailed derivation of (3.6). A comma denotes differentiation with respect to the spacetime coordinates. The metric tensor up to second order for scalar perturbations is
and its contravariant form is
5)
Note that (5.1)-(5.6) are without gauge restrictions, i.e. no gauge has been specified. We work in the flat gauge where
Einstein's field equations (EFE) are given by G µν = T µν (5.8)
The scalar fields is expanded up to second order according to
The potential is expanded accordingly,
The zeroth order and first order are unchanged with respect to [39] . The deviation occurs at second order, where the gauge fields appear.
Zeroth Order
The zeroth order equations 0 − 0 component δ ij and KG respectively are simply:
First Order
Starting from the KG equation at first order,
Using the background equations, the 0 − 0 component at first order will be:
the 0 − i part gives
From the i − j component of the Einstein equation we get the trace free part
Using (5.16 ) and the zeroth order equations, we get the first order trace:
Using the EFE, we get an equation which has no metric fluctuations in it, but just field fluctuations and background quantities:
and for single field:
Second Order
To make the crucial algebraic manipulations transparent, we keep the terms δU 2 as such in the KG equation:
Substituting δU 2 gives:
Now we need to use the field equations to substitute the metric perturbations. Considering (5.9), we see that the gauge field term is already second order in the perturbations. Hence, the metric in front of it will be zeroth order. Therefore, the only change in the energy-momentum tensor will come from diagonal terms. The change in the diagonal terms will behave as an additional 'potential' term, i.e. wherever there is a 1 2 δU 2 term it has to be replaced with For future reference we see that the equation looks like:
The 0 − i Einstein equation is the same as in the absence of gauge fields:
(5.24)
Using first order 0 − i and taking the trace gives:
where we introduce the inverse Laplacian, ∇ −2 (∇ 2 )X = X. Let us rewrite the equation as an expression for φ 2 :
The i − j Einstein equation is given by 
